Abstract. Patterns of host selection and host use by insects with parasitic lifestyles are predicted to be fundamentally dynamic, responding to environmental conditions and physiological states. A particularly robust prediction is that the number of mature eggs that a female carries (her "egg load") should influence behavior. As egg load decreases, females are predicted to exhibit increasingly selective host use patterns. We tested the hypothesis that egg load and host size influence the behavior of the parasitoid wasp Aphytis aonidiae attacking the armored scale insect Quadraspidiotus perniciosus. Aphytis females can use hosts either for oviposition or for adult "host feeding," which is the consumption of host material by adult parasitoids. Theory predicts that host feeding should be (i) favored by low egg loads and (ii) more prevalent on lower-quality (smaller) hosts. We conducted observations of individual females foraging freely in the field to determine whether hosts were used for oviposition or for host feeding. As predicted by theory, the likelihood that a host was used for oviposition (as opposed to host feeding) increased with both parasitoid egg load and host size. Thus, parasitoids exhibited higher host-selectivity at lower egg loads. Since egg load and a parasitoid's experience with hosts were not experimentally separated, the egg load effect could in principle have been either direct or indirect and operating through a correlation with experience. In either case, this result constitutes the first demonstration of a link between physiological state and oviposition behavior by a parasitoid in the field. Parasitoid age, as measured using a wing wear index, did not influence behavior. A laboratory study revealed that the relationship between a host's size and the size and initial egg load of the parasitoid developing on that host was positive, but that it followed a pattern of diminishing returns. No effect of host size on behavior could be detected over the range of host sizes that were within the asymptotic region of this relationship.
INTRODUCTION
Opportunities for reproduction in insects that reproduce by allocating eggs to discrete sites (i.e., entomophagous parasitoids and some phytophagous and fungivorous parasites) can be restricted by egg limitation or by time limitation. Egg limitation occurs if females deplete their egg supply prior to running out of oviposition opportunities, and time limitation occurs when females are unable to locate enough suitable oviposition sites in their lifetime to deposit all of their eggs. The idea that insects must balance the risks of becoming time-and egg-limited has been expressed, in various forms, by numerous authors (e.g., Price 1973 Heimpel and Collier 1996) .
Although a number of environmental and physiological factors influence whether a parasitoid female is likely to become egg-or time-limited, an especially reliable correlate of the risk of egg limitation is egg load (Minkenberg et al. 1992), which is defined as the number of mature oocytes that a female parasitoid carries within her ovaries at a given time. As egg load declines, the risk of becoming egg-limited increases. The potentially central role of egg load in mediating the balance between egg and time limitation has prompted a number of theoretical and empirical studies aimed at illuminating the role of egg load as a source of variability in parasitoid reproductive strategies (reviewed by Minkenberg et al. 1992) . Theory predicts that declining egg loads should be associated with reduced reproductive output, and empirical studies have, for the most part, supported this prediction (but see Rosenheim and Rosen 1992 and Rosenheim and Hongkham 1996). For instance, Venturia canescens (Grav.) were less likely to accept alreadyparasitized (and therefore suboptimal) hosts when egg loads were low (Fletcher et al. 1994 To date, all tests of the hypothesis that egg load influences the behavior of parasitoids have been conducted in the laboratory (but see Odendaal [1989] , Odendaal and Rausher [1990] , and Tatar [1991] for field studies on butterflies). A consensus is emerging among parasitoid ecologists, however, that tests of hypotheses generated by optimality analyses conducted under field conditions are desirable (Godfray 1994 , Hardy et al. 1995 Fauvergue et al. 1995) . Here, we test predictions derived from the general hypothesis that egg load influences the reproductive strategy of parasitoids in the field. Specifically, we investigate host-feeding strategies of the parasitoid Aphytis aonidiae (Mercet) (Hymenoptera: Aphelinidae).
Host feeding is the consumption of host material by adult parasitoids. Individual hosts may be used for both host feeding and oviposition ("concurrent host feeding" sensu Jervis and Kidd 1986), or for host feeding only ("non-concurrent host feeding"). The primary role of nutrients obtained by host feeding appears to be egg maturation, although host feeding also increases lifespan in a number of species (Jervis and Kidd 1986 Differences in experience may also influence host feeding strategies. As increasing numbers of hosts are encountered, a parasitoid may perceive an increase in host availability. In principle, this perception alone could signal an increased risk of egg limitation and result in a higher likelihood of host feeding (Heimpel and Rosenheim 1995). Host encounters (especially when they occur in quick succession) however, are also likely to result in declining egg loads. The effects of egg load and experience are therefore potentially confounded (e.g., see Rosenheim and Rosen 1991, Minkenberg et al. 1992) . While it is possible to separate the effects of experience and egg load in laboratory studies (e.g., Rosenheim and Rosen 1991, Heimpel and Rosenheim 1995), these factors are likely to be inseparable in studies of behavior conducted in the field. Studies that do not explicitly separate egg load from experience cannot distinguish between a direct influence of egg load on behavior and an indirect effect, acting through experience.
For parasitoids that host feed non-concurrently, host feeding is often more prevalent on lower quality hosts, with higher quality hosts being reserved for oviposition (Kidd and Jervis 1991) . This is probably due in large part to a steeper fitness gain with increasing host quality for oviposition than for host feeding Jervis 1991, Godfray 1994) . The relationship between host quality and the propensity to host feed in Aphytis parasitoids is typical: smaller hosts, which are known to be of lower quality than large hosts for oviposition, are more likely to be used for host feeding than are larger hosts (e.g., Walde et al. 1989 , Rosenheim and Rosen 1992 , Heimpel and Rosenheim 1995 .
In this study, we conducted direct observations of host encounters by Aphytis aonidiae foraging freely in the field. We tested the hypotheses that parasitoid egg load and host size affect whether hosts are used for oviposition or for host feeding. Our protocol did not distinguish effects of egg load and experience. We therefore interpret the results to include the possibility that egg load affects behavior indirectly via a correlation with experience. To adequately interpret the significance of host size, we determined the relationship between host size and some easily measured proxies of parasitoid fitness in the laboratory. Because there is essentially no variability in clutch size and sex ratio among ovipositing individuals in this species, the behavioral possibilities available to an A. aonidiae female upon encountering a host are rejection, host feeding, and oviposition. Rejection of encountered hosts can occur before or after the host is probed with the ovipositor (van Lenteren 1994). Aphytis species host feed by constructing a "feeding tube" with secretions molded by the ovipositor that span the distance between the scale insect body and the scale cover. Host fluids are conducted through the feeding tube, and females feed by applying their mouthparts to the feeding tube where it contacts the scale-insect cover (Rosenheim and Heimpel 1994). The act of host feeding is readily recognizable by the posture taken by the parasitoid, but preparation for host feeding closely resembles the act of oviposition. Some Aphytis species may use the same host individual for both host feeding and oviposition in the laboratory (Rosenheim and Rosen 1992, Heimpel and Rosenheim 1995), but our observations of A. aonidiae attacking Q. perniciosus (see below) suggest that in the field, hosts are used exclusively for either host feeding or oviposition.
Our study was carried out in a 40-ha organically managed almond orchard (Prunus dulcis) in Sutter County, California, USA, 4 ha of which had resident populations of both Q. perniciosus and A. aonidiae. No releases of A. aonidiae (or any other parasitoids) were made prior to or during the study.
Field observations
Observations of A. aonidiae foraging in the field were conducted between June and November in 1992, March and November in 1993, and August and October in 1994. A. aonidiae adults, which forage mainly on the bark of twigs and branches, were found by scanning the branches and young twigs of the almond trees. Once found, parasitoids were followed until a host encounter occurred in which hosts were probed for >60 s. Host encounters were observed with the aid of a hand lens (16X magnification) until the host was abandoned. Conducting observations with a hand lens did not appear to influence parasitoid behavior. Although oviposition events of Aphytis spp. are easily discerned in the laboratory with adequate magnification and lighting as a series of pumping motions (Luck et al. 1982 , Rosenheim and Rosen 1991 , 1992 , van Lenteren 1994, Heimpel and Rosenheim 1995), field conditions were not suitable for identifying oviposition events in A. aonidiae. After the completion of a host encounter, parasitoids were captured by aspiration, put on ice, and brought to the laboratory for dissection later that same day. Also, the encountered hosts were cut from the almond twigs, along with the surrounding bark, and brought to the laboratory on ice.
In the laboratory, parasitoids were dissected to determine their egg load at the time of host encounter (the sum of the number of mature eggs present in the ovaries and any eggs deposited during the host encounter). Dissections were conducted as described by Heimpel and Rosenheim (1995) : parasitoids were held with the ventral side up inside a drop of distilled water with a fine probe, and the tip of the abdomen was gently pulled distally using a pair of fine forceps. This procedure exposed the ovaries, making it possible to count mature oocytes. Only oocytes that were positioned at the base of the ovaries, not associated with nurse cells, and of full size, were deemed mature. After the dissections, parasitoids were slide-mounted in Hoyer's solution as described in Rosen and DeBach (1979) , and the lengths of the two hind tibiae were measured to the nearest 0.001 mm at IOOX and averaged as an index of parasitoid size.
In 1993 and 1994, the number of broken forewing fringe setae was counted as an index of relative parasitoid age. A. aonidiae forewings have an average of 107 + 11 fringe setae (mean ? 1 SD, N = 12 pairs averaged) at parasitoid emergence, and the number of these setae that are broken is easily quantified when parasitoids are slide-mounted and viewed at 400X magnification. To confirm that older parasitoids tended to have more broken forewing setae than younger parasitoids, we counted the broken forewing setae of parasitoids of known ages in the laboratory. Parasitoids that had been collected in the field as pupae were allowed to emerge in glass vials in the laboratory and provided daily with fresh undiluted honey. Parasitoids were killed (by freezing) or allowed to die without intervention and were slide-mounted to count broken forewing setae. The resulting relationship between parasitoid age and the number of broken forewing setae was not intended for use as an absolute age index. We only wished to confirm that older parasitoids tended to have more broken forewing setae than did younger parasitoids.
The size and condition of hosts that were probed by A. aonidiae in the field were assessed in the laboratory. Scale cover area was measured as an index of host size, and the condition of the scale insect (i.e., apparently healthy, parasitized, or dead from unknown causes) was noted. Scale cover area (as opposed to scale body area) was used as an indicator of host size so that the size of parasitized and dead scale insects could be assessed. Although the correlation between scale cover area and scale body area can be weak when measured within instars (Hare et al. 1990 , Rosenheim and Rosen 1991), our study included a broad range of sizes from both immature (second) and mature (third) instars. Furthermore, scale cover area was found to be a better predictor of oviposition behavior than scale-insect body area in Aphytis lingnanensis (Rosenheim and Rosen 1991). The longest diameter of the scale cover (dl), as well as the perpendicular diameter bisecting dl (d2) were measured to the nearest 0.03 mm at 40X magnification, and scale cover area was calculated using the formula for the area of an ellipse: (p/4)(dl x d2). During the observations, behavior was scored as either host feeding or not host feeding. Hosts attacked by parasitoids that did not host feed, and that were subsequently found to have an Aphytis egg attached to them, were considered parasitized during the encounter. Although these hosts could in principle have been parasitized prior to the observed encounter, extensive sampling demonstrated that the frequencies of scale insects bearing Aphytis eggs were very low (0.008 and 0.003 in 1993 and 1994, respectively; G. E. Heimpel and J. A. Rosenheim, unpublished data). Hosts without Aphytis eggs that were not used for host feeding were scored as having been rejected. Hosts containing parasitoid larvae, pupae, or pupal remains were scored as previously parasitized, and hosts that were desiccated were scored as being dead from unknown causes.
We investigated the influences of scale cover area, egg load, and hind tibial length on whether hosts were used for host feeding or oviposition using stepwise logistic regression (Engelman 1990 ). This technique allowed us to separate the effects of two variables, egg load and hind tibial length, that were likely to be correlated. The year and the month during which observations took place were included in the statistical model as well. We used simple logistic regression to test for the effect of the number of parasitoid broken forewing setae on whether hosts were used for host feeding or oviposition. This latter analysis was run separately due to the lower number of observations available (n = 31 parasitoids); broken forewing setae were only quantified in 1993 and 1994.
Host size effects
To aid in the interpretation of the field results, we investigated influences of host size on selected components of parasitoid fitness in the laboratory. Q. perniciosus scale cover area was correlated with the following parameters for A. aonidiae: pupal survivorship, pupal length, mean hind tibial length of emerging adults, and the egg load of one-day-old females held without hosts.
Almond twigs were collected from the field, and parasitized scale containing A. aonidiae prepupae and pupae were chosen for analysis. Collections were made between 28 September and 28 October 1994, a time of peak abundance of A. aonidiae at our field site. Scale cover area was quantified as described above. The lengths of both living and dead A. aonidiae pupae were also measured to the nearest 0.03 mm at 40X magnification. Living pupae and prepupae were placed in 2-mL vials covered with a cotton plug, supplied with a streak of undiluted honey and held at 26.7 + 1.5?C, 65 ? 10% R.H., and a photocycle of 14L: 1OD for development and emergence. Pupae were checked daily for adult emergence, and one-day-old adults (between 24 and 48 h after emergence) were frozen in preparation for dissection within the next 2 d. Dissections and hind tibial measurements were conducted as described above to determine the number of mature eggs present in the ovaries as well as the average hind tibial length.
During the course of this study, we found that -35% of the parasitoids dissected had no eggs. To aid in interpreting this result, we compared (1) the proportion of females that were eggless from pupal collection dates between August 1994 and January 1995, and (2) the proportion of females that were eggless at various ages. Finally, for A. aonidiae with non-zero egg loads, we demonstrated that egg loads at 1 d constituted a full egg complement for parasitoids fed only honey, by dissecting females within 3 h of eclosion and daily thereafter through 5 d after eclosion.
RESULTS

Field observations
In all, we observed 212 parasitoids. Of these, 131 individuals encountered and probed hosts. Of these hosts, 74 appeared to be healthy and suitable for oviposition or host feeding by Aphytis, and the remaining 57 were not (Table 1 ). All scale insects that were not in the healthy category were rejected. Of the 74 apparently healthy hosts encountered, 6 were rejected, 27 were used for oviposition, and 41 were used for host feeding (Table   1) .
Parasitoids were significantly more likely to oviposit (rather than host feed) when they had higher egg loads and when they encountered larger hosts (Table 2; Fig.  1 ). The egg load of parasitoids ovipositing averaged 5.0 ? 0.51 eggs (mean + 1 SE), while parasitoids host feeding had a mean load of 3.4 ? 0.32 eggs (Fig. 1) . The scale cover area of hosts used for oviposition averaged 1.5 ? 0.12 mm2 (mean ? 1 SE), and the mean scale cover area of hosts used for host feeding was 1.0 ? 0.11 (Fig. 1) . We found no evidence for a statistical interaction between scale cover area and egg load on host use (Table 2), indicating that the two factors had independent effects on behavior. In Fig. 1 , we used the logistic regression model to draw isoclines of egg load and host size combinations corresponding to probabilities of oviposition (rather than host feeding) of 0.25, 0.5, and 0.75. We also used the data to create a boundary line dividing the egg load/host size matrix space into host-feeding and oviposition regions; this analysis is presented in the Appendix.
Parasitoid hind tibial length did not significantly influence behavior when included in a model containing egg load (Table 2 ). When egg load was withheld from the regression analysis, however, the influence of hind in which the constant is -2.89.
T Parasitoids with egg loads of zero at the time of the host encounter (n = 2) were excluded from the data set, since oviposition was not possible for these individuals. tibial length became marginally significant (Improvement X2 = 3. 1, P = 0.076). Since there was a significant positive correlation between hind tibial length and egg load (r2 = 0.33, N = 63 parasitoids, P < 0.0001), this suggests that hind tibial length influenced behavior indirectly through its effect on egg load. Since stepwise regression can be sensitive to the order in which correlated variables are entered into the regression model, we reversed the order in which egg load and hind tibial length were entered as a final check on the superiority (Table 2) . Furthermore, we found no effect of year or month on parasitoid egg load or the scale cover area of hosts encountered during the observations (single-factor ANOVAs produced F < 2.3 and P > 0.1 for all four relationships).
The average breakage of parasitoid forewing fringe setae observed in 1993 and 1994 was 1.00 + 0.34 broken setae (mean ?1 SE, range = 0 to 8, n = 31 cases). The laboratory study in which the number of broken forewing fringe setae was related to the age of A. aonidiae adults revealed that (i) essentially all setae were intact upon parasitoid emergence, and (ii) the number of broken setae increased significantly with age (linear regression: r2 = 0.30, N = 158 parasitoids, P < 0.0001).
The number of broken forewing setae had no significant effect on behavior, however (logistic regression: x2 = 0.15, df = 1, 29, P > 0.5). Neither was there a significant difference in behavior between parasitoids with -1 broken forewing setae (n = 14 individuals), and parasitoids with zero broken forewing hairs (n = 17 individuals) (contingency table analysis: x2 = 0.683, P > 0.4). There was no correlation between the number of broken forewing setae and egg load (r2 = 0.005, n = 31 parasitoids, P > 0.5).
The six parasitoids that rejected apparently healthy hosts (see Table 1 ) did not have significantly different egg loads or hind tibial lengths from the parasitoids that accepted hosts (Wilcoxon's rank-sum test approximate x2 < 0.2, and P > 0.5 for both factors). Also, these host encounters did not involve hosts with significantly different scale cover areas than hosts that were accepted (Wilcoxon's rank-sum test approximate x2 = 0.77, P = 0.38). There were no significant differences in hind tibial length, egg load, or broken forewing setae between parasitoids probing suitable hosts ("apparently healthy" in Table 1 ), and unsuitable hosts (all other categories in Table 1 Table 1 because all measurements were not available for each observation. Finally, we found no significant correlation between parasitoid hind tibial length and the scale cover area of hosts that were probed by parasitoids (i.e., there was no evidence that larger parasitoids visited larger hosts) (r2 = 0.01, N = 98 parasitoids, P = 0.32).
Host size effects
Of 174 pupae and prepupae collected from the field, just under half (86 individuals) developed successfully into adult A. aonidiae. Of those that did not complete development, 32 individuals (37%) were clearly dead at the time hosts were collected, and 56 individuals appeared healthy upon collection but failed to develop in the laboratory. Pupal survivorship increased (with marginal significance) as scale cover area increased (X2, 138 = 3.3, P = 0.071). To correct for allometric differences in the growth of linear measurements (pupal length, hind tibial length) and areas (scale cover areas), we conducted regression analyses on the squared pupal and hind tibial lengths (see Fig. 2 ). Scale insects with greater cover areas produced significantly longer A. aonidiae pupae (Fig. 2A, Table 3) , and longer pupae in turn developed into larger adult parasitoids (Fig. 2C, linear regression: r2 = 0.66, P < 0.0001). This led to a positive correlation between scale cover area and adult hind tibial length (Fig. 2B, Table 3 ). Increases in pupal and hind tibial lengths with scale cover area appeared to follow a pattern of diminishing returns (Figs. 2A, B) . Three regression models were used to explore the relationship between scale cover area and pupal and hind tibial length: linear regression, second-order polynomial regression, and a nonlinear curve-fitting procedure using a standard asymptotic function (Ralston 1990 ; see Table  3 ). For both (pupal length)2 and (hind tibial length)2, the polynomial and asymptotic models provided better fits than did the linear model (i.e., higher r2 values and lower error sums of squares; Table 3 ). A comparison of the linear and polynomial regressions indicates that the rates of increase in these two dependent variables decrease over the larger values of the independent variable, scale cover area (i.e., the quadratic term was negative and significant in both cases). The curve-fitting procedure suggests that the relationship was asymptotic.
Of 82 parasitoids that were dissected at the age of 1 d, 29 females (35%) had egg loads of zero, and egg loads of the remaining 53 individuals ranged between 3 and 16. In eggless individuals, intact but empty ovaries were visible. For the class of parasitoids with non-zero egg loads, egg load was positively correlated with hind tibial length ( Fig. 2F ; linear regression: r2 = 0.67, n = 52 parasitoids, P < 0.0001); pupal length ( Fig. 2E ; linear regression: r2 = 0.41, n = 35 parasitoids, P < 0.0001), and scale cover area ( Fig. 2D; Table 3) . The relationship between scale cover area and egg load appeared nonlinear, and as was the case for (pupal length)2 and (hind tibial length)2, second-order polynomial and asymptotic models fit the data better than did a simple linear regression (Table 3) , and the quadratic term was negative and significant. Thus, the rate with which egg load increased with scale cover area decreased over the larger scale cover areas.
To the extent that parasitoid size and initial egg load were correlated with parasitoid fitness in the field, an asymptotic relationship between host size and host quality suggests that behavior should be relatively insensitive to host size over the larger ranges of host sizes. This hypothesis was loosely supported by the behavioral data. The asymptotic region of scale cover area with respect to parasitoid size and egg load appears to begin Ecology, Vol. 77, No. 8 at -1.5 mm2 (Fig. 2) , and while the effect of scale cover area on parasitoid behavior was significant for data points <1.5 mm2 (X2 = 9.1, n = 47 parasitoids, P < 0.01; see Fig. 1 ), it was not significant above this value (X2 = 0.01, n = 19 parasitoids, P > 0.5).
Eggless females
We are unable to explain the high frequency of eggless females. In other Aphytis species, egg loads of zero have been reported for the smallest individuals sampled (Opp and Luck 1986 ), but in this study, the hind tibial length of parasitoids with non-zero egg loads was not significantly different from that of eggless parasitoids ( Fig. 2F; X21,79 = 0.5, P > 0.4). Dissections of females at various ages indicated that all individuals eclosed with essentially zero eggs, and that, among females 1-5 d old, the proportion that were eggless fluctuated between 0.35 and 0.60 with no apparent trend (Fig. 3) . Finally, the proportion of females that were eggless at the age of 1 d did not change significantly between August 1994 and January 1995 (X 112 = 1.14; P > 0.25; data not shown). 
DISCUSSION
Our field observations demonstrated that Aphytis aonidiae with lower egg loads were more likely to host feed (rather than oviposit) than were A. aonidiae with higher egg loads. Also, smaller hosts were more likely to be used for host feeding than were larger hosts. These results support a body of theory that predicts oviposition strategies by parasitoids to be fundamentally dynamic, responding to environmental factors (e.g., host size) as well as physiological states of the parasitoid (e.g., egg load) (Iwasa et al. 1984 , Mangel 1987a , b, 1989b , Houston et al. 1988 . Predictions that parasitoid age should influence host-feeding behavior (Heimpel and Collier 1996) , however, were not supported by our study. Females with more broken forewing setae were not more likely to oviposit than were females with fewer broken forewing setae. A laboratory experiment with A. melinus also failed to detect an influence of age on host-feeding behavior (Heimpel and Rosenheim 1995).
Correlations among host size, parasitoid size, and initial egg load indicated that the benefits derived from ovipositing onto larger hosts followed a pattern of diminishing returns (for another example of this phenomenon, see Heimpel and Collier 1996) . Thus, when parasitoids have high egg loads and host availability is very low, oviposition can occur as a result of either or both of these factors. The correct interpretation of our results is therefore that we observed an association between egg load and behavior, and that this association could reflect either a direct causal relationship, or an indirect effect acting through experience.
Regardless of the confound between egg load and experience, our results are consistent with parasitoids maximizing reproductive success by balancing the risks of becoming limited by eggs and time. When egg loads are high, the risk of the parasitoid's reproductive success becoming limited by the time it has to locate hosts is relatively high as well. Under these circumstances, oviposition is favored, and even relatively low-quality hosts may be used for oviposition rather than host feeding. As egg loads decline, however, the risk of becoming egglimited (i.e., running out of eggs) rises. As the risk of egg limitation increases, parasitoids are predicted to be increasingly selective with respect to oviposition and use only the best quality hosts for oviposition. Our results demonstrate more selectivity at lower egg loads, and therefore provide evidence that the reproductive behavior of A. aonidiae foraging freely in the field is dynamic, responding to parasitoid egg load as well as host size.
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